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ABSTRACT
There remain significant uncertainties in the origin and evolution of black holes in
binary systems, in particular regarding their birth sites and the influence of natal
kicks. These are long-standing issues, but their debate has been reinvigorated in the
era of gravitational wave detections and the improving precision of astrometric mea-
surements. Using recent and archival characterisation of Galactic black hole X-ray
binaries (BHXBs), we report here an apparent anticorrelation between Porb (system
orbital periods) and scatter in z (elevation above the Galactic plane). The absence of
long period sources at high z is not an obvious observational bias, and two possible
explanatory scenarios are qualitatively explored: (1) a disc origin for BHXBs followed
by natal kicks producing the scatter in z, with only the tightest binaries preferentially
surviving strong kicks; (2) a halo origin, with Porb shortening through dynamical in-
teractions in globular clusters (GCs). For the latter case, we show a correspondence
in z-scatter between BHXBs and the GCs with most compact core radii of < 0.1 pc.
However, the known absence of outbursting BHXB transients within Galactic GCs
remains puzzling in this case, in contrast to the multitude of known GC neutron star
XRBs. These results provide an interesting observational constraint for any black hole
binary evolutionary model to satisfy.
Key words: stars: kinematics and dynamics – stars: black holes – stars: distances –
parallaxes – proper motions – accretion, accretion discs
1 INTRODUCTION
Stellar-mass black holes are the end points of massive star
evolution. Observationally, black holes (BHs) have primar-
ily been studied as members of binary systems, either in
X-ray binaries (hereafter, BHXBs) or in binaries composed
of two compact objects (hereafter, BHBs, referring gener-
ically to all BH+[other compact object] binaries). Several
distinct channels for formation and growth of these bi-
naries have been proposed, including field formation (e.g.
Belczynski et al. 2016b), formation in active galactic nu-
clei discs (e.g. Bartos et al. 2017), in galactic nuclei (e.g.
O’Leary et al. 2009; Hamers et al. 2018), and dynamical as-
sembly in globular clusters (GCs; e.g. Rodriguez et al. 2016).
Lack of proper understanding of progenitor nature, super-
nova explosion physics and natal environment, all hamper
efforts to distinguish between these channels.
⋆ E-mail: poshak.gandhi@soton.ac.uk
With respect to environmental uncertainties, GCs have
long been known to host neutron star (NS) XRBs, and
suggested formation mechanisms include tidal capture of
compact objects by ordinary stars (Fabian et al. 1975);
three body encounters (Clark 1975); direct encounters
(Verbunt & Hut 1987); and exchange of companions with
primordial binaries either by a black hole or neutron star
(Hills 1976). Recently, candidate BHs have also been re-
ported in Galactic GCs, e.g. M22 (Strader et al. 2012), M62
(Chomiuk et al. 2013), 47 Tuc (Miller-Jones et al. 2015;
Bahramian et al. 2017), NGC 3201 (Giesers et al. 2018).
However, none of these have shown outbursts so far, as op-
posed to many cases of known NSXRB transients in GCs.
There are arguably stronger candidates of BH transients
in extragalactic GCs (e.g., NGC4472, Maccarone et al.
2007, 2011; NGC1399 Shih et al. 2010; and NGC3379,
Brassington et al. 2010), though some of these could be more
© 2020 The Authors
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massive (intermediate mass) black holes (e.g., Irwin et al.
2010).
With respect to progenitor physics, the uncertain im-
pact of the ‘natal kick’ velocity (vnk) imparted to the BH
during its formation is of particular importance. Kicks can
result either from symmetric mass loss (Blaauw 1961), neu-
trino emission asymmetries, or hydrodynamic instabilities in
the ejecta during fallback of material onto a short-lived inter-
mediate NS (e.g. Fryer & Kusenko 2006; Janka 2017). Natal
kicks strongly impact binary survivability and merger rates.
For instance, Belczynski et al. (2017) demonstrate that for
BHBs, a change in the magnitude of vnk by ∼ 100 km s
−1 can
change merger rates, and hence gravitational wave (GW)
source detection rates, by factors of ∼> 30. Asymmetric natal
kicks should also significantly scramble the locations of BH
sources; if strong kicks operate, BHs ought to be efficiently
ejected from GCs, but there remains lack of consensus on
this issue (e.g. Strader et al. 2012; Rodriguez et al. 2016).
The recent detection of gravitational waves (GW)
has reenergised the debate on BH formation chan-
nels from observations of extragalactic mergers (e.g.
Belczynski et al. 2016a and references therein). Contempo-
raneously, ever larger samples of Galactic BH XRBs are
pushing the frontiers of Galactic BH system characterisa-
tion (Corral-Santana et al. 2016; Tetarenko et al. 2016a).
Early pioneering works investigated the influence of natal
kicks and natal sites by via spatial or kinemetic studies
(e.g. van Paradijs & White 1995; Jonker & Nelemans 2004;
Repetto et al. 2012, 2017; Mirabel 2017), but were naturally
limited by small sample statistics.
Some of these handicaps are being overcome with
data from new astrometric surveys which are transform-
ing the understanding of BHs in Galactic binary systems
(e.g. Gaia Collaboration et al. 2018; Gandhi et al. 2019;
Atri et al. 2019b; Rao et al. 2019). Here, we investigate up-
dated samples of Galactic BHXBs to uncover an intriguing
relation between the latitudinal height scatter and system
orbital periods for BHXBs. We discuss implications of the
observed trend with regard to BH formation scenarios.
2 SAMPLE ANALYSIS AND RESULTS
We began with the complete list of 60 likely BHXB
transients presented in the BlackCAT catalogue
(Corral-Santana et al. 2016) as of 2019October, and com-
piled their orbital periods (Porb) and distances (d) where
available. Updates to this sample included: the inclusion
of a new dynamically confirmed BHXB MAXIJ1820+070
at d≈ 3 kpc (Gandhi et al. 2019; Torres et al. 2019;
Atri et al. 2019a); new likely lower limits of d & 6 kpc and
5 kpc for Swift J1357.2–0933 and GX339–4, respectively
(Charles et al. 2019; Heida et al. 2017); and d . 25 kpc for
BWCir as a likely upper limit (Gandhi et al. 2019). It
should be stressed that none of these updates substantially
impact the sample results presented below.
Constraints or measurements on the height above the
Galactic plane (|z|) and the orbital period (Porb) are available
for 25 objects. Fig. 1 displays the sample on the log z–log Porb
plane, showing that sources are not uniformly distributed in
this plane.
There is a complete absence of long Porb systems
(Porb & 1 day) at high elevations (& 1 kpc), in contrast to the
more uniform z filling at shorter periods. In other words,
the scatter in elevation (zrms) decreases progressively with
increasing Porb. This holds when accounting for limits, and
manifests as an apparent anti-correlation between z and Porb.
A power-law regression (z ∝ Porb
α) yields a logarithmic slop
of α =–0.57± 0.14 for the 19 BHXBs with measured definite
z and Porb. The dispersion around the regression line is en-
tirely dominated by the intrinsic z scatter of 0.37 dex, much
larger than the individual statistical uncertainties.
In order to incorporate sources with limits, we created
105 random ensembles with resampling. Statistical uncer-
tainties on z and Porb, where known, were assumed to rep-
resent the standard deviation for a Normal distribution re-
sampling of individual objects. For limits, a uniform distri-
bution was simulated with thresholds based upon reason-
able physical assumptions drawing upon the empirical dis-
tribution of the detected sources and the size of the Galaxy:
Pminorb =2h, zmin =0.01 kpc, and dmax =25 kpc. None of the re-
sults are particularly sensitive to tweaking these assump-
tions. The median regression slope from 105 fits to this en-
semble is α =–0.54± 0.06. The ensemble median p value is
0.006+0.017−0.002. Histograms of these distributions are shown in
Fig. 1.
To summarise the analysis: despite the relatively small
current sample size of BHXBs with useful measurements or
constraints, there is strongly suggestive evidence of a depen-
dence of z scatter as a function of Porb, based upon several
statistical tests.
3 DISCUSSION
To our knowledge, this is the first report and detailed anal-
ysis of a relation between two measureables connecting the
spatial (z) and the system (Porb) parameters of BHXBs,
respectively. Previous works have investigated connections
between various spatial parameters (e.g. z and Rgalactocentric;
Jonker & Nelemans 2004; Repetto et al. 2012), or addition-
ally against kinematic parameters that can be harder to
measure (e.g. natal kick velocities; Repetto et al. 2017). Ten-
tative trends have been noted (e.g. between spectral type
and z, Repetto et al. 2017; for individual source groups,
Corral-Santana et al. 2016; and for vnk and z, Atri et al.
2019b), but none has been reported as robust. By contrast,
both z and Porb are relatively easier to measure, requiring a
distance estimate and (at minimum) photometric monitor-
ing to measure periodicities. Interpretation could be complex
(as discussed below), but the apparent strength of the cor-
relation represents an interesting constraint for any physical
model.
3.1 Potential Biases
3.1.1 Observational selection and incompleteness
We begin with a few words on potential biases. The most
significant observational bias is expected to be against short
Porb systems close to the Galactic plane occupying the lower-
left-hand part of Fig. 1, as these are expected to be intrin-
sically faint and highly extincted. However, there are at
least a handful of well characterised systems in this region
(e.g. A0620–00, GS 2000+251, XTEJ1650-500), and three
sources (Swift J1745.1–2624, XTEJ1752–223, MAXI J1836–
194) whose upper limits could allow them to occupy this
regime. In fact, these objects are responsible for the rise
MNRAS 000, 1–7 (2020)
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Figure 1. Height z above the Galactic plane, shown as a function of Porb for known BHXBs. Sources with limits are plotted in grey. The
blue line shows the regression excluding limits, while the green line and hatched region depict the correlation for all objects including
limits with 105 randomised ensembles and the corresponding 95% confidence region, respectively. The thick light purple points with
uncertainties depict zrms per dex of Porb. CygX–1 is plotted for comparison but not included in the fits. (Insets on right:) Distributions
of null hypothesis probability and regression slope from the random ensembles.
in z-scatter at short Porb. So while this bias will result in
missing sources, it is not critical in terms of explaining the
distribution in Fig. 1.
Instead, the primary cause of the apparent anti-
correlation is the lack of objects in the upper-right-hand
part of Fig. 1. However, objects in this regime have high Porb
(& 1 day) and moderate-to-large heights (z& 1 kpc). Neither
effect ought to give rise to an observational bias. Accreting
sources with high Porb will host large accretion discs, which
ought to be bright and easily detectable when and if they
undergo outburst, and high z sources will suffer less extinc-
tion. So the sample is not obviously biased in a way that
could spuriously cause the trend seen in Fig. 1.
The base sample itself is the BlackCAT catalogue, which
is comprehensive but in no way complete in terms of any
physical parameter. We have considered the data on all
Galactic BHXB candidates so far with constraints on z
and Porb. This probably biases us towards sources that are
more amenable to optical follow-up and monitoring; in other
words, optically luminous and less extincted systems ought
to be well sampled. But again, such systems are preferen-
tially expected to lie in the regime where Fig. 1 shows an
apparent dearth of objects.
Finally, we also checked for the influence of distance, by
investigating Porb as a function of heliocentric distance. No
statistically significant trend was found.
3.1.2 The intrinsic Porb distribution
Progenitor systems of accreting binaries are likely to span a
wide range of orbital periods ranging over orders of magni-
tude larger than the Porb range considered here (e.g. Han
1998). However, a variety of effects including mass loss, mag-
netic braking and gravitational radiation are expected to
significantly modify the Porb distribution as sources evolve
through the accreting binary regime, and the intrinsic dis-
tribution of these systems in terms of Porb still remains un-
certain (Arur & Maccarone 2018). So it is relevant to ask
whether our results are simply a reflection of varying intrin-
sic population sizes as a function of Porb, exacerbated by the
current small samples.
We tested this in two ways: (1) based upon the model
distributions and expected detectability of transients, and
(2) empirically. For the theoretical test, we began with the
code of Arur & Maccarone (2018) to simulate a range of
outburst timescales combined with X-ray detection fractions
and optical characterisation likelihood. The Porb distribution
is sampled uniformly between 0–20 h and independent of z.
The Galactic BHXB spatial distribution is weighted accord-
ing to stellar densities, and a three dimensional model incor-
porating dust reddening as well as gas obscuration was in-
corporated (see Ibid. for details). 105 systems were simulated
and their detection fraction was computed integrated over
small increments of z and Porb. The result is that BHXB de-
MNRAS 000, 1–7 (2020)
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tection probability increases monotonically with Porb, peak-
ing at a healthy ≈ 40% for Porb =20 h. This is as expected
with large discs being more amenable to detection and bright
donor stars being more amenable to follow-up, implying a
deficit in the fraction of known long Porb systems relative to
expectation.
However, Porb values longer than 20 h were not sim-
ulated in the code of Arur & Maccarone (2018) because
their study focused on periods below a well known evolu-
tionary donor-dependent bifurcation in the Porb distribution
(e.g. Podsiadlowski et al. 2002). Intermediate mass donor
systems are expected to evolve towards longer Porb on fast
timescales of ∼105−7 years before becoming detached. Thus
the relative numbers of systems in this regime could be low,
even if their detection is not hampered due to observational
biases.
Therefore, we carried out a second empirical test to eval-
uate how strongly our results are affected by small num-
ber statistics at the longest periods. This test is essentially
model-free, with the only assumptions being that the intrin-
sic z distribution can be well described by the current data,
and that z is independent of Porb. One can then compute the
likelihood of finding two objects (V404Cyg, GRS1915+105;
the only two at Porb > 100 h), both in the very low z regime.
This is a simple exercise of making two random draws from a
Normal distribution (we simulated 105 ensembles as before,
including limits).The joint probability of drawing V404Cyg
and GRS1915+105 at their observed low z is found to be
0.002+0.002−0.001, with the uncertainties denoting the standard de-
viation over the ensembles. In other words, the absence of
high z long period systems is currently significant at better
than 99.6%. Enhancing the census of such systems should be
a priority for future surveys, as their expected low extinction
could provide excellent opportunities for follow-up.
3.2 Scenario 1: Disc origin with strong natal kicks
If BHXBs originate within the Galactic disc, they must
evolve to match the observed z distribution today. Natal
kicks could provide the requisite mechanism for this, al-
though models do not strongly constrain the magnitudes
of these kicks because of unknown dependences on progeni-
tor properties and the complex details of explosion physics.
As opposed to the LIGO/Virgo population of BHBs, XRBs
host only a single compact object, and thus their motion
and evolution is impacted by a single kick. It is the first
kick that primarily governs binary survivability and hence
merger rates (because binaries are likely less tightly bound
at earlier first kick evolutionary stages; e.g. Belczynski et al.
2017), so understanding natal kicks in BHXBs can inform
mass dependent scalings to the BHB regime.
Observationally, it has been shown that asymmet-
ric progenitor explosion kicks (broadly ranging over 100–
500 kms−1), in addition to Blaauw kicks, are required for
at least some systems in order to account for the present
elevations of low-mass BHXB transients above the Galac-
tic plane. This was based upon work done by Repetto et al.
(2012) using Galactic population simulations, accounting for
a variety of kick distributions and the location of objects
within the Galactic potential. More recent proxies of vnk
for BHXBs fall around ∼ 80–130 km s−1 (Gandhi et al. 2019;
Atri et al. 2019b), and this is also the case for the distribu-
tion inferred from the first set of more massive BHBs stud-
ied with LIGO/Virgo (Wong & Gerosa 2019). However, ac-
counting for realistic initial spatial and kinematic scatter of
progenitors in the disc can greatly mitigate the necessity of
strong natal kicks in many cases (Belczynski et al. 2016b),
thus complicating proper evaluation of this scenario. Larger
samples of XRBs will need to be found and identified be-
fore this issue can be settled. Upcoming massive sky surveys
should help in this regard (e.g. Johnson et al. 2019).
Once a natal kick has been imparted, its influence on the
resultant systemic peculiar motion (as opposed to a change
in other degrees of freedom, such as orbital angular momen-
tum) also needs to be understood. In order to gain an appre-
ciation of this, we used the binary population synthesis code
StarTrack (Belczynski et al. 2008), evolving a population of
105 binaries with system characteristics relevant to BHXB
transients (MBH =8M⊙, Mdonor =1M⊙, in a close circular or-
bit with separation a=20R⊙). Starting with a Maxwellian
distribution for the natal kick (σ1D =130 km s
−1 ), we find
that 70% of binaries remain bound following BH forma-
tion. Their mean vnk=180 kms
−1 (in 3D). Most (≈ 90%)
of the kick is transferred to the systemic binary motion
(vsys≈ 161 kms
−1). Though this is only a single test, it sug-
gests that natal kicks can efficiently translate into high pecu-
liar motion (and thus into a larger z scatter). Full population
synthesis tests in the future can use our observed z–Porb trend
together with observed vnk distributions to fully constrain
binary survivability.
3.3 Scenario 2: Globular Cluster Origin
If GCs are the birth sites of BHXBs, we may expect a corre-
spondence between the spatial scatter of both populations.
There are several sources located at high Galactic elevations
|z|∼> 1 kpc (XTEJ1118+480, H1705–250, XTE1859+226,
MAXI J1659–152, Swift J1357.2–0933, Swift J1753.5–0127)
that could be prime candidates for an origin in the Galac-
tic halo, unless they received substantial natal kicks (typ-
ically ∼> 200–500 km s
−1; see discussions in Mirabel et al.
2001; Gonza´lez Herna´ndez et al. 2008; Repetto & Nelemans
2015; Belczynski et al. 2016b), and these should be the focus
of future dedicated studies. Gaia DR2 has already provided
kinematic constraints on XTEJ1118+480 and Swift J1753–
0127 (Gandhi et al. 2019), though these constraints remain
weak and should be improved upon in future releases. An-
other noteworthy source is VLAJ2130+12, a likely low-mass
halo BHXB candidate (z& 1 kpc) whose Porb has not been di-
rectly measured, but is likely to be short (Porb ≈ 1–2 h), again
aligning it with our observed trend (Tetarenko et al. 2016b).
To test a GC origin on the overall sample, we com-
pared the BHXB z-distribution with that of the GCs. Milky
Way GC data were drawn from Harris (1996, 2010 edi-
tion). There are 155 GCs in this catalogue with measure-
ments of core radii, spanning a vast range of distances out to
125 kpc. Their median scatter (standard deviation) in eleva-
tion is zGCrms =14.5 kpc. By contrast, we have a much smaller
zBHXBrms =0.9 kpc for the 19 BHXBs with definite measured
values from Fig. 1. GCs tend to undergo tidal evaporation of
periphery stars as they migrate towards the Galactic centre
at disc crossings. This results in smaller elevations and more
compact core radii (rc) for GCs deeper within the Galactic
potential. It is thus natural to ask whether GCs split ac-
MNRAS 000, 1–7 (2020)
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Figure 2. The circles and uncertainties denote the median z and
the scatter, respectively, for detected BHXBs compared against
those of GCs. The GC sample is split into 0.5 dex rangesaccording
to core radius (rc), as labelled.
cording to rc could better correspond to BHXBs. The result
is shown in Fig. 2, where the GC catalogue is divided into
0.5 dex unit subgroups in rc between 0.1–10 pc. As expected,
zGCrms increases (from 1.3 kpc to 28.8 kpc) with increasing rc
over the subgroups. Encouragingly, the scatter for the most
compact GC subgroup (with rc . 0.1 pc) agrees much better
with BHXBs.
This supports a dynamical formation scenario for at
least some BHXBs within GCs. Over time, the orbital pe-
riods are shortened through dynamical interactions, and in
the process, BHXBs may be ejected or tidally disassociated
as the parent GC migrates towards the Galactic centre. This
would produce wandering BHXBs with short Porb, and a high
zrms. Since the strongest dynamical interactions ought to oc-
cur in the more compact clusters, a correspondence of zrms
between BHXBs and small rc GCs can be expected, as least
qualitatively. In fact, it has been shown that GCs containing
luminous X-ray sources are generally denser and more com-
pact than other GCs (Bellazzini et al. 1995; Jorda´n et al.
2004; Verbunt & Lewin 2006; Sivakoff et al. 2007). Theoret-
ical calculations, on the other hand, give indications that
the clusters that are strongly centrally concentrated produce
NSXBs and millisecond pulsars efficiently, while a different
set of clusters retain BHs more effectively and the latter
class is less concentrated (Ye et al. 2019), so the relevance
of the spatial similarity with the concentrated clusters is not
clear. Furthermore, this scenario does not explain the long
Porb systems.
A rather clear observational test for this scenario could
come from the abundances of the donor stars in the short
Porb systems. Only a small sample of these objects have cur-
rently been studied, and there are no indications of subsolar
abundances in any of the XRB donors (Casares et al. 2017).
Some α-element enhancements have been seen and these are
often argued to be evidence for supernova pollution. More
detailed analysis of these abundances is thus warranted.
3.3.1 The absence of outbursting BHXBs in Milky Way
GCs
Further modelling would be needed to test such a scenario
quantitatively. But we point out that any successful model
must additionally explain a curious fact regarding Milky
Way GCs: It has been known from the early days of X-
ray astronomy that GCs can host bright transient XRBs. In
fact, more than 15 confirmed bright NSXRBs are known in
Galactic GCs (Bahramian et al. 2014). By contrast, there is
not a single confirmed case of an outbursting BHXB in a
Galactic GC. There are now a few candidate quiescent sys-
tems (cited in the Introduction) but given the statistics of
bright transient NSXRBs, one would have expected many
more, and brighter, transient BHXBs. Specifically, the ra-
tio of BH–to–NS confirmed and candidate field transients is
≈ 1:1 in the XRB catalogue of Liu et al. (2007), so one would
naively expect ∼ 15 outbursting BHXBs in Milky Way GCs,
all else being equal, whereas none are known.
This discrepancy cannot be explained if BHs
and NSs receive kicks of similar magnitude (e.g.
Repetto & Nelemans 2015), as this would lead to sim-
ilar ejection efficiencies for both classes from GCs. The
presence/absence of BHXBs in GCs has been debated on
various grounds e.g. mass segregation process leading to
BH decoupling (Spitzer 1969) or ejection of nearly all BHs
on a relatively short time-scale caused by rapid dynamical
evolution in clusters of high central density (Kulkarni et al.
1993). It is plausible that observational biases are at play,
such as lack of spatial resolution or outburst detectability,
at large distances (∼ tens of kpc). However, However,
neither of these has prevented the identification of transient
GC NSXBs.
As a final note, our discussion is not meant to favour solely
one or the other scenario. A combination is not ruled out,
neither is an origin in the Bulge, where studies are ongoing
(Shaw et al. 2020).
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Name Porb z Reference (Porb) Reference (Distance)
(hour) (kpc)
4U 1543-475 26.79377 (7) 0.71±0.05 Orosz (2003) Jonker & Nelemans (2004)
4U 1755-338 4.4 (1.0) -0.55±0.21 White et al. (1984) Angelini & White (2003)
GX 339-4 42.14 (1) <-0.38 Hynes et al. (2003) Heida et al. (2017)
3A 0620-003 7.7523372(2) -0.12±0.01 Gonza´lez Herna´ndez & Casares (2010) Cantrell et al. (2010)
H 1705-250 12.51(3) 1.35±0.33 Remillard et al. (1996) Jonker & Nelemans (2004)
BWCir 61.068(5) < –1.21 Casares et al. (2009) Gandhi et al. (2019)
GS 2000+251 8.25821(2) -0.14±0.04 Casares et al. (1995) Jonker & Nelemans (2004)
V404 Cyg 155.314(2) -0.09±0.01 Casares & Charles (1994) Miller-Jones et al. (2009)
GRS 1124-684 10.38254(7) -0.73±0.03 Orosz et al. (1996) Hynes (2005)
GRO J0422+32 5.091840(5) -0.51±0.06 Webb et al. (2000) Gelino & Harrison (2003)
GRS 1915+105 812(4) -0.03±0.01 Steeghs et al. (2013) Reid et al. (2014)
GRS 1009-45 6.84494(3) 0.62±0.05 Filippenko et al. (1999) Gelino (2002)
GRO J1655-40 62.920(3) 0.14±0.01 van der Hooft et al. (1998) Hjellming & Rupen (1995)
XTE J1550-564 37.00880(6) -0.14±0.02 Orosz et al. (2011) Orosz et al. (2011)
SAX J1819.3-2525 67.6152(2) -0.52±0.06 Orosz et al. (2001) MacDonald et al. (2014)
XTE J1859+226 6.58(5) 0.63±0.07 Corral-Santana et al. (2011) Shaposhnikov & Titarchuk (2009)
XTE J1118+480 4.078414(5) 1.52±0.09 Torres et al. (2004) Gelino et al. (2006)
XTE J1650-500 7.69(2) -0.16±0.04 Orosz et al. (2004) Homan et al. (2006)
SWIFT J1753.5-0127 3.244(1) 1.27±0.42 Zurita et al. (2008) Cadolle Bel et al. (2007)
XTE J1752-223 <6.8 0.22±0.07 Ratti et al. (2012) Ratti et al. (2012)
MAXI J1659-152 2.414(5) 2.4±1.0 Kuulkers et al. (2013) Kuulkers et al. (2013)
SWIFT J1357.2-0933 2.8(3) >4.60 Corral-Santana et al. (2013) Charles et al. (2019)
MAXI J1836-194 <4.9 -0.65±0.28 Russell et al. (2014) Russell et al. (2014)
SWIFT J174510.8-262411 .21 <0.17 Mun˜oz-Darias et al. (2013) Mun˜oz-Darias et al. (2013)
Cyg X-1 134.394(2) 0.13±0.01 Gies & Bolton (1984) Rao et al. (2019); Gandhi et al. (2019);
Reid et al. (2011);
Mirabel & Rodrigues (2003)
MAXIJ1820+070 16.45(2) 0.52±0.06 f Torres et al. (2019) Atri et al. (2019a)
Table 1. Orbital periods and z-heights. Some of the primary references are listed, with additional work cited in BlackCAT. The brackets
in column 2 denote uncertainties on the last digits.
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